This work analyzes the hypothesis that human CD38 may cooperate with MHC Class II by acting as coreceptor in a superantigeninduced activation. The initial evidence is that CD38 ligation by specific monoclonal antibodies inhibits superantigen-induced T lymphocyte proliferation. Inhibitory effects become apparent after engagement of CD38 expressed by monocytes, whereas ligation of CD38 expressed by T lymphocytes does not apparently affect activation. The inhibition requires a cell-to-cell interaction, followed by the relevant transmembrane signaling that is reproduced by CD38 ligation. Indeed, CD38 ligation on monocytes induces tyrosine phosphorylation of several intracellular proteins including the protooncogene product c-cbl and the fgr and hck tyrosine kinases. The receptorial nature of the CD38-mediated events is confirmed by the observation of an intracellular calcium flux in monocytes secondary to CD38 ligation. These effects are additive with the similar events elicited by MHC Class II ligation, a likely indication that CD38 and MHC Class II share a common activation pathway. This conclusion is strengthened by results of comodulation experiments, indicating that CD38 and MHC Class II display lateral associations on monocytes. These results attribute to CD38 expressed by monocytes a role in the transduction of signal(s) involved in superantigen-induced activation, operating in synergy with MHC Class II.
H
uman CD38 is a 45-kDa transmembrane glycoprotein with a short amino-terminal cytoplasmic domain and a long carboxyl-terminal extracellular domain (1) . Its expression is correlated with differentiation or activation of human T and B lymphocytes (2) . Human, mouse, and rat CD38 molecules display amino acid sequences similar to that of Aplysia ADP ribosyl cyclase, an enzyme that catalyzes the formation of cyclic ADP ribose from NAD ϩ1 . CD38 catalyzes not only the hydrolysis of NAD ϩ but also the formation and hydrolysis of cyclic ADP ribose (3) (4) (5) (6) . A variety of cellular functions can be elicited by ligation of CD38 with specific mAbs (7) (8) (9) (10) (11) (12) . Comodulation experiments demonstrated that CD38 is physically associated with the CD3͞TCR, BCR͞CD19͞CD21 and CD16 complexes on T, B, and NK cells, respectively (13) .
Superantigens (Sag) constitute a peculiar family of ligands able to transduce signal via MHC Class II molecules (14) . Sag are of viral (15, 16) or bacterial origin, such as the enterotoxins of Staphylococcus aureus or the toxic shock syndrome toxin (TSST-1). They share the characteristic ability of directly binding MHC Class II molecules (17) and TCR V␤ region (18) . The formation of the trimolecular complex results in activation of all T lymphocytes bearing the particular TCR V␤ family. Although T cell activation by Sag was reported as being MHC Class II molecule dependent, the expression of MHC Class II molecules on some antigen-presenting cells is not always sufficient to induce a T cell response to the Sag (19) (20) (21) , leading to the conclusion that costimulatory molecules are necessary in addition to the MHC Class II molecules to obtain an efficient presentation of Sag.
The present study provides conclusive evidence that CD38 expressed by peripheral blood monocytes cooperates with MHC Class II molecules as coreceptor in Sag-induced activation of T cells.
Materials and Methods
Antibodies. CD38 mAbs used in this study were: IB4 (IgG 2a ) (2) , SUN 4B7 (IgG 1 ) (22) , OKT10 (IgG 1 ) (23), T16 (IgG 1 ) (a gift of A. Martin (Etablissement de Transfusion Sanguine, Rennes, France) (24) , and BB51 (IgG 1 ) (25) . Other mAbs used in this study were the CD2 mAb, O275 (IgG 1 ) and the CD3 mAb, UCHT1 (IgG 1 ), provided during the Vth International Workshop (Boston) (25) . A. Bernard (Institut National de la Santé et de la Recherche Médicale U343, Nice, France) kindly provided the cytotoxic CD3 mAb. 12E7, an IgG 1 CD99 mAb, was kindly provided by R. Levy (Howard Hughes Medical Institute, Stanford, CA) (26) . The MHC Class II mAb used was the 1.35-mAb (IgG 1 ) (27) . The antiphosphotyrosine mAb, PY20, was purchased from Transduction Laboratories (Lexington, KY). The affinity-purified rabbit polyclonal Abs anti-c-Cbl, anti-fgr, and anti-hck were purchased from Santa Cruz Biotechnology. mAbs used to purify monocytes were the CD3 mAb, CBT3 (IgG 2a ), the CD19 mAb, CB19 (IgG 1 ), the CD20 mAb, CB 20 (IgG 1 ), and the CD16 mAb, CB16 (IgG 1 ).
Cell Preparations. Peripheral blood mononuclear cells (PBMC) were prepared by Ficoll-Paque (Pharmacia) density centrifugation of buffy coats obtained from the local blood bank. Purified T cells were obtained by the following negative selection procedure: two cycles of plastic adherence and one cycle of complement-dependent lysis with L1.L12 mAb (a cytotoxic anti-HLA Class II mAb, locally produced) and rabbit complement (Filorga, Paris). The remaining unlysed cells contained Յ0.5% CD14 ϩ cells.
When indicated, T cells were further purified into CD38 ϩ and CD38 Ϫ subsets: T cells were initially labeled with the BB51 mAb (5 g͞ml) and then incubated with goat anti-mouse Ig-coated magnetic beads (Miltenyi Biotec, Bergisch Gladstadt, Germany). Labeled and unlabeled cells were separated by using a MACS system (Miltenyi Biotec) by two passages through a magnetic separation column.
Monocytes were purified from PBMC preparations by negative selection. Briefly, PBMC underwent two cycles of incubation (20 min at 4°C) with a mixture of CD19, CD20, CD3, and CD16 mAbs. These mAbs were previously conjugated to immunomagnetic beads (Dynal, Oslo; 2 g of purified mAb͞mg beads) by incubation at 4°C for 12 h. Conjugated beads were used with a ratio of 10 beads͞1 cell. This approach enabled us to obtain Abbreviations: Sag: Superantigen, SEA, Staphylococcus enterotoxin A; TSST-1, toxic shock syndrome toxin 1; PBMC, peripheral blood mononuclear cells. § To whom reprint requests should be addressed. E-mail: gelin@histo.chu-stlouis.fr.
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Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073͞pnas.050583197. Article and publication date are at www.pnas.org͞cgi͞doi͞10.1073͞pnas.050583197 monocytes Ն98% pure, as assessed by CD14 expression. Monocytes were also fixed by treatment with 1% paraformaldehyde for 20 min at room temperature, followed by three washes with culture medium. Fixed monocytes were kept at least 1 wk at 4°C before use. When indicated, monocytes were treated before fixation with mAb by incubation for 1 h at 4°C with the diluted relevant mAb.
Proliferation Assays. Cells were cultured in RPMI-1640 medium (Biochrom, Berlin) supplemented with 2 mM L-glutamine͞10 g͞ml penicillin͞10 unit͞ml streptomycin (GIBCO)͞10% heatinactivated FCS (Seromed, Biochrom). PBMC or purified T cells were cultured for 4 days in 96-well round-bottom plates (Nunc) at a concentration of 4 ϫ 10 4 cells͞well (total volume of 0. 16 (28) . Briefly, unstimulated monocytes were loaded with indo-1 by incubation with its acetomethylester (Molecular Probes). Cells were kept in the dark before analysis on a cytofluorograph (Epics Elite ESP Flow Cytometer, Coultronics, Roissy, France), the ratio of indo-1 violet to blue fluorescence was calculated for each individual cell. Cells were exposed to the indicated mAb (10 g͞ml) followed by crosslinking with F(abЈ) 2 IgG preparation of a rabbit anti-mouse Ig serum (Cappel).
Determination of Protein Tyrosine Phosphorylation. Purified monocytes were incubated with the indicated mAbs (10 g͞ml) for 10 min on ice. After washing, an F(abЈ) 2 fraction of goat anti-mouse IgG (Cappel) was added for 10 min as a crosslinker. Cells were then stimulated for 3 min at 37°C and immediately lysed in 0.5% Nonidet P-40 lysis buffer (29) . After centrifugation to remove nuclei, an aliquot of lysates was diluted in Laemmli sample buffer, boiled for 5 min, and stored at Ϫ80°C before being run on SDS͞PAGE. The remainder of lysates was used for either fgr or hck immunoprecipitations: lysates were precleared with recombinant protein A-Sepharose (Repligen) and subsequently incubated with either anti-fgr or anti-hck Abs. Immune complexes were recovered with recombinant protein A-Sepharose beads and eluted by boiling in SDS nonreducing sample buffer. Preparations obtained were run on an 8% SDS͞PAGE and transferred on polyvinilydene difluoride membranes. After blocking in 1% BSA in Tris-buffered saline-Tween (10 mM Tris, pH 7.4͞100 mM NaCl͞0.1% Tween-20), filters were probed with PY20, an antiphosphotyrosine mAb, followed by horseradish peroxidase-conjugated anti-mouse IgG (Promega) and developed with enhanced chemiluminescent reagents (Amersham). Membranes were then stripped, blocked again with 5 to 2% nonfat dry milk in TBS-T, and reprobed with anti-c-Cbl, antihck, or anti-fgr Abs. 
Results

Involvement of CD38 in the Activation of PBMC by Sag.
The results of the proliferative responses of PBMC to SEA and TSST-1 toxins in the presence of the selected mAbs are presented in Fig.  1 . This proliferation is reported to be inhibited by mAbs directed against MHC Class II and CD2 (17, 30) . The inhibitory effects observed in the present experiments were in the range of 65% for the MHC Class II and 50% for CD2 (Fig. 1) . With CD38 mAbs, proliferation was reduced by Ϸ40%. The activation was constantly unaffected by the isotype-matched CD99 mAb.
The inhibitory effects exerted by CD38 mAbs are specific (see above) and dose dependent (data not shown).
Evaluation of the Role of Surface T Cell CD38 in T Cell Proliferation
Induced by Sag. T lymphocytes were separated on the basis of CD38 expression. The CD38-enriched population (Ն95% CD38 ϩ cells) and the CD38-depleted population (Յ6% CD38 ϩ cells) was tested for their ability to respond to bacterial toxins in the presence of irradiated autologous monocytes. Both popula- tions proliferate in response to SEA (Fig. 2) . The proliferation of the CD38 Ϫ T cells was quantitatively similar to that of the CD38 ϩ T cells. Furthermore, the overlapping of the proliferation curves can be taken as an indication that CD38 ϩ and CD38 Ϫ T cells are equally responsive to the toxins. The addition of CD38 mAbs to the two populations was followed by an almost identical inhibition (Ϸ35-40%) (Fig. 3) . These results seem to exclude any detectable role played by surface CD38 expressed by T lymphocytes in the activation induced by Sag. Almost identical results were obtained when SEA was replaced by TSST-1 (data not shown).
Evaluation of the Role of Surface Monocyte CD38 in T Cell Proliferation
Induced by Sag. We next turned our attention to CD38 present on the surface of the majority of monocytes. Purified T cells were tested in the presence of fixed monocytes either pretreated or not with CD38 mAbs. Although purified T cells were unable to proliferate in response to the toxins, the addition of fixed monocytes allowed a partial restoration of the response (Fig. 4) . The addition of CD38 mAbs in solution to purified T cells with fixed monocytes was followed by a significant inhibition of the proliferation. Similar results were obtained after using the control anti-MHC Class II mAb. The use of mAbs not in solution but prelinked to monocytes brought to a significantly higher degree of inhibition (60%). Almost identical results were obtained when SEA was replaced by TSST-1 (data not shown). The inhibition levels observed in these conditions were clearly greater than those observed by adding soluble mAb to the culture, suggesting that the direct interaction of the mAb with the CD38 molecule expressed by monocytes is responsible for the inhibition observed. The conclusion is that CD38 on the surface of monocytes is involved in the response to bacterial toxins.
CD38 Signaling on Monocytes Induced Ca 2؉ Mobilization. The results obtained prompted us to test the hypothesis that surface CD38 may act by delivering signals of biological relevance. Indeed, CD38 ligation by T16 mAb on CD14 ϩ cells purified from PBMC was followed by a rapid mobilization of Ca 2ϩ that involved Ϸ40% of the cells (Fig. 5A) . The isotype-matched CD3 mAb induced no effect, ruling out the participation of FcR (Fig. 5B) The calcium flux was not modified by the subsequent crosslinking of the CD38 molecule by a rabbit antimurine Ig serum. Signaling through the MHC Class II molecule induced almost identical effects on Ca 2ϩ : a rapid Ca 2ϩ flux that involved Ϸ50% of the CD14 ϩ cells (Fig. 5C ). Additive effects were observed when CD14 ϩ cells were simultaneously exposed to CD38 and MHC Class II mAbs: Ϸ60% of the cells mobilized Ca 2ϩ (Fig. 5D) . Identical results were obtained when the T16 mAb was replaced by the BB51 mAb (data not shown). A phosphotyrosine immunoblot of lysates from purified monocytes is shown in Fig. 6 . We compared the effects of CD38 and MHC Class II engagement on tyrosine phosphorylation. To exclude FcR contribution, a F(abЈ) 2 preparation of the IB4 mAb was used for CD38 stimulation. On CD38 ligation, several substrates became phosphorylated, as indicated by arrows. Among those substrates, the upper bands at Ϸ120, 84, and 70 kDa were the more prominent. Moreover, they appeared to be selectively phosphorylated after CD38, but not MHC Class II triggering. However the two pathways share the 59-, 50-, 43-, and 41-kDa substrates that appeared phosphorylated, although to a lesser extent, after either CD38 or MHC Class II engagement. Thus, CD38 delivered a tyrosine-phosphorylation signal even more potent that the one highlighted through MHC Class II stimulation. Unstimulated cells showed no significant tyrosine phosphorylation, thus confirming that no improper trigger was given during the purification procedure and adding specificity to the signals obtained with the mAbs of interest.
The upper 120-kDa band showed an apparent molecular weight compatible with that of the protooncogene product c-cbl. This substrate plays a pivotal role in signal transduction via CD38 in HL60 (31) and THP-1 (32) cells. Indeed, reprobing of the upper part of the filter with a specific anti-c-cbl Ab clarified the identity of the 120-kDa band as c-cbl (Fig. 6B) . Moreover, the protein was highlighted in all lanes, confirming that equal amounts of proteins were loaded in each well and that the 120-kDa band observed with the antiphosphotyrosine mAb on CD38-stimulated cells was a highly phosphorylated c-cbl species.
CD38 Ligation Induces Tyrosine Phosphorylation of the hck and fgr
Tyrosine Kinases. We next focused our phosphorylation studies on two substrates that play a key role in monocyte signaling, namely fgr (33) and hck (34) . These proteins are tyrosine kinases of the src family known to be phosphorylated after MHC Class II engagement (35) . Indeed, phosphorylated bands were visualized around 59-50 kDa, a molecular weight compatible with these two proteins. Moreover, a suggestive pattern of tyrosine phosphorylation was constantly observed after CD38 ligation with different CD38 mAbs (Fig. 7) : OKT10, Sun 4B7, IB4 F(abЈ) 2 and BB51. This pattern was also visualized when monocytes were activated with the anti-MHC Class II mAb.
To investigate the role of hck, a lysate of monocytes (activated with F(abЈ) 2 IB4 or MHC Class II mAbs or untreated) was immunoprecipitated with a specific anti-hck Ab, followed by Western blot analysis with an anti-pTyr mAb. The p59 isoform was tyrosine phosphorylated after CD38 or MHC class II engagements (Fig. 8A) . Both p56 and p59 isoforms of hck are equally immunoprecipitated from lysates of unstimulated cells, CD38-activated cells, or MHC Class II-activated cells (Fig. 8B) .
The same analysis was performed on fgr. The addition of the IB4 F(abЈ) 2 fraction or the MHC Class II mAbs to monocytes was followed by a significant tyrosine phosphorylation of fgr (Fig. 8C ). Subsequent reprobing with anti-fgr Ab (Fig. 8D) confirmed the identity of the highlighted bands and the equal loading in each lane.
CD38 Comodulates with MHC Class II in Monocytes.
The synergistic effects on cytoplasmic Ca 2ϩ fluxes after CD38 and MHC Class II signalings and the phosphorylation of similar cytosolic substrates prompted us to study the existence on monocytes of a physical association between the two molecules. The expression of CD38 was significantly reduced after surface modulation of MHC Class II molecules (Fig. 9) . In these conditions, the expression of the CD99 molecule remained identical to that of untreated cells. However, surface modulation of the CD38 molecule did not modify the expression of the MHC Class II molecule on monocytes.
After modulating the surface expression of CD38 and MHC Class II, monocytes were tested for their ability to support Sag-induced T cell activation. As already shown in Fig. 3 , purified T cells were able to proliferate in response to the toxins when untreated irradiated monocytes were added. In contrast, the MHC Class II-treated monocytes (which are CD38 Ϫ MHC Class II Ϫ , as shown in Fig. 9 ) were unable to restore the T cell response to the Sag (Fig. 10) . The response was Ϸ90% reduced as compared with the levels observed in presence of untreated monocytes. The addition of CD38-treated monocytes (which are CD38 Ϫ MHC Class II ϩ , as shown in Fig. 9 ) was followed by only a partial restoration of the proliferative response, in line with the inhibition results observed after exposure to a CD38 mAb.
Discussion
The starting point of this work was the search of the coaccessory molecule necessary to implement a valid signal during T cell activation by Sag. The candidate coreceptor we took into consideration was CD38, a surface molecule with pleiotropic functions (12, 31, 32, (36) (37) (38) (39) (40) (41) .
The first results obtained indicated that CD38 ligation on PBMC was followed by a slight but constant and significant inhibition of the proliferative response to SEA and TSST-1. This initial finding appears contradictory to previous results demonstrating costimulatory effects exerted by CD38 mAbs on T cell proliferation induced via CD3 (7) . Indeed, the inhibitory effects observed in this model after CD38 ligation are restricted to the response to Sag, because no such inhibitory effect was detected on the PHA or CD3-induced proliferation (data not shown).
Moreover, the present results clearly demonstrate that the inhibition is mediated via the CD38 molecule on the surface of monocytes, as demonstrated by the absence of T cell activation in the presence of fixed autologous monocytes pretreated with a CD38 mAb and by the equivalent response of the CD38 ϩ and CD38 Ϫ T cell populations to the toxins. It thus appears that the ligation of the CD38 molecule expressed by monocytes is responsible for the inhibitory effects observed initially.
The effects are likely to be mediated by the signals implemented by the engagement of CD38, as shown by the increased intracellular Ca 2ϩ fluxes and by the tyrosine phosphorylation observed when the molecule expressed by monocytes is ligated by specific mAbs.
Our results clearly indicate that several intracellular substrates became phosphorylated on CD38 ligation, one of the more prominent being the protooncogene product, c-Cbl. This result is in agreement with independent studies demonstrating that c-Cbl is tyrosine phosphorylated after CD38 engagement in T cells (29) , B cells (40) , and myeloid cells (31, 32) . Among the many others proteins that display increased tyrosine phosphorylation in activated monocytes, we next focused our attention on the substrates activated via either CD38 or MHC Class II. Monocytes express several src-type phosphotyrosine kinases, some of which are relatively restricted to myelomonocytic cells, e.g., hck (33) and fgr (34) . Besides highlighting the phosphorylation cascade elicited by CD38 in freshly purified monocytes, the present study offers evidence that these two pivotal kinases, hck and fgr, are involved in the CD38-mediated signaling in the myeloid lineage. Indeed, the analysis of the signals mediated via CD38 in myeloid cell lines (31) has shown the tyrosine phosphorylation of three major phosphorylated proteins of 120, 87, and 77 kDa. However, these observations were made by using HL60 cells, where CD38 expression was induced after treatment with retinoic acid. Consequently, the fgr-and hck-phosphorylated proteins may be distinctive markers of normal and uncultured monocytes exposed to CD38 signaling. Involvement of fgr and hck in MHC Class II-mediated signals has been reported after stimulation of human peripheral blood monocytes with a Sag (35) . In agreement with these results, we have observed that the p59 isoform of hck is the predominantly phosphorylated form.
The results obtained indicate that CD38 plays a role as a coreceptor in the activation of T lymphocytes induced by Sag and is endowed with the ability to transduce signals efficiently across the membrane in fresh monocytes. The first conclusion confirms previous reports that hypothesized the presence of unknown surface molecules cooperating with MHC Class II molecules (19) (20) (21) . In this context, the CD38 monocyte molecule would play the role of an accessory molecule providing the second signal in monocytes necessary for a full Sag-induced T cell activation. However, we cannot actually exclude the hypothesis of another, yet to be defined, essential monocyte costimulatory molecule that would be down-regulated after CD38 signaling. The second conclusion on the receptorial nature of CD38 leads us to depict a likely scenario of cooperative interactions occurring on the surface of monocytes. Indeed, the cytoplasmic portion of the molecule is inept by itself in transducing signals: the only possibility so far devised is the lateral association with a structure specialized in signaling. One of the unique features of the CD38 molecule is that such associations vary according to the lineage (13). Inoue et al. hypothesized that a candidate molecule on monocytes could be FcRII (42) . However, the data obtained in the present work seem to support the view that in the Sag model the role of FcR is negligible or secondary. The molecule that CD38 ''parasites'' for its signaling is MHC Class II, as confirmed by the phosphorylation of similar cytosolic substrates and by Ca 2ϩ mobilization with identical timing and distribution. Furthermore, we observed marked additive effects between the pathways driven by MHC Class II and CD38, suggesting the use of common substrates. The observation that CD38 molecules may comodulate with MHC Class II molecules favors the hypothesis that these molecules may be physically and functionally associated on monocytes.
Another partner that is expected to contribute to the network is CD38-ligand, characterized as CD31 (43) . It is reported that CD38͞CD31 interaction reproduces the biological effects attributed to CD38 ligation with agonistic CD38 mAbs, including Ca 2ϩ release and cytokine mRNA synthesis (37) .
The plot drawn by these results will be resolved when the contribution of all these receptors and ligands will be singularly investigated and defined by means of soluble CD38 and CD31 and by transfectants expressing the human molecules.
